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THj':  PowKRi':!)  tcxosKEij-rroN  i^roject 

The  Rovvvroil  Kxoskeleton  conci'pt  is  that  of  a  material  hanillin^ 
inachiiu'  und(’i’  intitnate  control  of  tlio  operatvir. 

"\\  orn  as  an  outor  inoclianical  uarno'nt,  tho  cxoskclotal  structuia' 
will  ho  powered  to  dramatically  amplify  the  wearer's  strength  and  endur¬ 
ance  by  a  factor  of  approximately  25  to  1,  i.  e.  ,  when  the  e'xoskeleton 
wearer  lifts  25  poutnis,  he  will  'feel'  as  if  ho  is  liftinj^  only  one  pound. 

The  lievice  will  provide  him  witli  a  set  of  'mechanical  muschvs'  that 
enaViles  him  to  lift  and  handle  loads  in  excess  of  1000  pounds.  I'he  luiman 
operator  will  'feel'  the  objects  and  forct'S  he  is  workinif  with  almost  as 
if  he  were  in  direct  body  and  muscle  contact.  This  feature,  c.alled  forci' 
feiMlback,  will  provide  the  operator  with  sensitive  control  of  the  structuiu' 
and  will  act  as  a  safe^niard  aj^uunst  the  application  of  excessive  force. 

"T1i(‘  exoskeleton,  calle<i  'Hardiman,  '  mimics  the  movements  of  its 
wearer,  presentirifj  a  literal  union  of  man  and  machine.  Thus,  the  human's 
fl'  vibiiity,  intellect,  and  versatility  are  combined  with  the  inachine's 
strenj^th  and  endurance, 

•‘Navul  Rc;  arch  Reviews,  July  1907 


FOREWORD 


A  prototype  having  the  capability  to  implement  the  powered  exoskeleton  con 
cept  has  been  defined  and  reduced  to  engineering  drawings  suitable  for  part  fab 
rication  and  assembly. 

Fabrication  and  assembly  of  the  complete  leg  and  girdle  system  to  demon¬ 
strate  the  walking  capability  is  underway. 

This  report  is  a  description  of  the  test  and  evaluation  of  the  left  arm 
assembly . 

The  Appendices  of  this  report  contain  performance  and  design  data  on  the 
electronic  circuits  and  servo  system. 
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SECTION  I 
INTRODUCTION 


The  test  and  evaluations  of  the  Hardiman  I  arm  system  marked  the  first  time 
in  the  program  that  bilateral  servo  ioints  had  been  operated  in  series.  Previous 
tests  on  the  single  joint  simulator  and  the  unilateral  leg  system  gave  promising 
results,  but  were  not  nearly  as  meaningful  as  was  the  successful  operation  of  the 
arm  system. 

With  the  main  objective  being  stable  operation  under  full  load,  the  test  and 
evaluation  was  carried  out  with  an  awareness  of  Che  following  possible  problem 
areas : 

1.  Individual  ioint  instability. 

2.  Joints-in-Serios  irustabi  1  itv  . 

J.  Kinematic  interactions  between  tickler  inputs. 

4.  Mechanical  inter ferences  and  limitations. 

5.  Inability  ol  the  operator  to  control  the  system. 

n.  E.xcessive  moment  applied  to  the  operator  due  to  differences  in 

lengths  of  nastt'r  and  .--lave  hands. 

.  i'.icigue  o!  .petator  due  to  lack  o:  master  counterweight  inc  • 

Although  each  ot  these  problems  were  observed  viurinc  t'ne  evaluation,  tuMie 
were  so  difficult  or  troublesome  that  a  solution  consistent  with  m.eetin'  ere  c;!- 
U'ctives  could  not  be  accompl  ishea  within  the  tost  pl.ans.  With  mitun'  oxcr.  tions, 
there  were  no  ciiange.s  in  tiie  m.ecb.anica I  cent  igurat  toi\  and  servo  par  tmecers  r  oom 
those  presented,  in  Report  .lated  dulv  I,  1  . 


SECTION  II 


EQUIPMENT  DESCRIPTION  AND  THEORY  OF  OPEllATION 


The  Hardiman  I  ara  system.  Figure  1 ,  is  a  master-slave  system  containing 
eight  powered  joints.  ^'ix  ci  tne  joints  are  bilateral  servo  controlled.  These 
joints  are:  wrist  tiex,  forearm  rotate,  elbow  flex,  upper  arm  rotate,  slioulder 
flex,  and  back  fie:-:.  The  thumb  tip  and  thum.b  flex  joints  are  rate  controlled 
utilizing  a  velocity  valve. 

The  operator  makes  contact  with  the  master  structure  at  three  points  --  the 
hand,  the  wrist,  and  the  upper  forearm.  I’hese  latter  two  contact  points  are  re¬ 
quired  because  the  six  Joints  form  an  unconst rai ned  system.  Ihit  is  to  say,  the 
operator  cannot  define  the  articulation  of  the  master  with  onlv  (ute  in^ut . 


’.’hen  the  operator  places  the  masti'r  in  a  ;'a.rtieular  conf  igurat  ion ,  else  de- 
synchronization  error  between  tiie  master  and  slave  is  measured  at  eaci:  ioint  by 
a  tickler  mechanism.  Th.ese  errors  are  converted  to  electrical  signals  ’nv  trans¬ 
ducers  and  ch.en  conditioned  and  amplified  by  electronic  amplifiers.  I'hi'Se  sig¬ 
nals  are  then  transmitte'  to  appropriate  e  lectrohydraui  ic  servo  valves  'chicb.  pro¬ 
duce  differential  pressure  proportio::  1 1  to  the  electric.il  sign.il.  Tliis  pressure 
is  -ipplied  to  the  slave  actuator  for'  t:ie  correspond.ing  'oint  .ind.  causi-s  the  joint 
to  move  in  tiie  s.im.e  direction  .is  the  master.  I'he  slave  continues  tv'  move  until 
the  desynchron.i  zaf  ion  error  is  reduced  to  a  level  that  will  :".aint.iin  t'ne  syste;- 


in  equi.ibrium.  i'ne  differential  pressure  is  .ilso  aprlie.l  to  tiu' 
.ictuator  at  e.ic'n  j-.'int.  i'b.ese  .ictu. iters  are  designed  si’  tho.t  the 
fee!  .1  force.  I  ''tb.  of  th.U  .ipp'ieol  to  rtic  .slave  .itu'  in  tb.e  s.ime 


’  v'‘  Tv* !  l* t*  C; .1  y'  N 

L'pe r,i t or  w i  '  ’ 

.!  i  rect  i  cn.i  1 


si'nse . 


:;vdr.uilic  power  w.is  sup, -lie.;  '-v  .i  U'  i.'."'  1  .li'or.i  t  orv  sunriv. 
pressure  was  rigul.ite:  .it  ‘'Uiiw  ps  i  ,  .in;  t  ;.e  !  I  .’v  ic.tricted  t  !  > 
'ric  solenoiii  tump  \'.i!  n-  v.is  used  s.-r  qu'ck  s;e:t  ,iown  .in.i  locki:;g 


II 


SECTION  III 


conclusions  and  RECO^T1ENDATIONS 


I'ht'  successful  conpletion  of  the  arm  test  gave  new  confidence  in  the  design 
and  analysis  of  servo  joints-in-series .  The  model  used  for  simulating  the  servo 
system  has  been  found  to  be  very  accurate  in  representing  the  dynamics  of  tiie 
system . 

riu!  iiuman  factors  inv.'lved  in  controlling  the  six  motions,  although  cor.'.plex 
in  nature,  divl  not  present  any  unfores-^en  problems.  Vith  spatial  cr  jspondenci’ 
and.  force  reflection,  it  was  possible  'o  opecate  the  m..ichine  .satisfa^  orilv  with 
a  mit'.imum  amount  of  experience. 

Ihe  arm  system  test  was  not  only  valuable  because  it  substantiated  I'asic  de- 
-s  i  gn  decisions  in  thesv'  two  fields,  i'ut  it  was  also  useful  for  invest  igat  in.g 
nroblem  are.is  and.  finding  solutions.  Tlio  followinv  recor'am.end.at  ions  'nave  rosolteki; 

A  minimum  le.ik.ige  r«ito  acro.ss  the  pilot  piston  sb.ould  be  specified 
v'.ien  purcb.asing  t'ne  pilot  oper.ited  lock  valves. 

'dhen  d.eterminins  maximum  flow  races  for  servov.i  Ivo.s ,  .»  greater 
m„rgin  should  bo  applied,  to  compons.ite  f 'r  unforeseen  actu.Uor 
1 eakages . 

Sei'Vi'v, lives  vitii  very  good  'vaamlc  respv'nse  s'nould.  be  vised  even 
w'oen  tiiev  n.ive  l.trger  flow  cap.»cltie.s  t'nan  is  required. 

Sliding  p.iris  sucii  as  ;  i-.c  I'e.-tnngu'ar  S''!ines  ti  tiie  forearm,  and. 
upper  arm  rotate  ticklers  siiouLi  'oe  t  l.asi’.  co.^tovi  to  pro'Cent  g.illin.g, 

.iu  t  numi'  •.'int  input  svstem  shoviid  bo  "edltioii  s^-  th.M  the  opera¬ 
tor  can  c.'ntr.'l  it  m.ore  easiiv.  Tb.e  po,ssibliitv  using  on-eif 
without  torce  ret  loot  ion  raiiier  liian  velocity  cont;.'!  siiould  i  e 
1  nve.s  t  i  g.it  ed  . 


SECTION  IV 


TEST  AND  EVALUATION  LOG 


Throughout  the  test  and  evaluation  of  the  arm  system,  a  daily  test  log  was 
maintained.  This  log  was  not  only  valuable  as  an  aid  in  defining  problems  and 
thus  solutions,  but  at  this  point  in  time  also  serves  as  the  basis  for  narrative 
descriptions  of  the  evaluation  and  the  difficulties  encountered  in  attaining  the 
objecLive  of  stable  operation  at  full  load.  The  rormat  for  this  narrative  which 
follows  will  be  to  present  selected  excerpts  from  the  test  log  and  then  expand 
upon  the  event  or  problem  in  greater  detail.  Before  beginning,  it  will  be  use¬ 
ful  to  discuss  the  checkout  sequence  used  in  making  the  arm  system  operational. 

1)  Electronics  Checkout 

The  electronics  amplifier.  or  each  joint  were  evaluated  by  ob¬ 
taining  the  following  data: 

a.  Calibration  curve  of  gain  versus  pot  setting  for  each  of  the 
Signal  channels. 

b.  Input-output  curve  at  ncminal  gain  for  the  position  channel 
to  cl’.eck  linearity. 

c.  Frequency  response  of  all  compensation  networks. 

2 )  Open  Loop  deration 

With  the  electronics  connected  but  the  control  signals  shorted,  a 
dc  signal  was  applied  across  the  servovalve  coil.  Hydraulic  power 
was  applied  to  the  system,  and  slave  actuators  were  driven  to  one 
stop  or  tiie  other,  dependi.ig  on  the  polarity  of  the  uc  signal. 

Each  joi.it  was  exercised  in  this  manner,  aiul  the  following  checks 
made . 

Check  for  hydraulic  leaks. 

b.  Check  ( •:  z  mechanical  Inter  ferences  . 

c.  Check  polarity  ol  the  force  feedback. 

d.  llecord  the  polaritv  ot  the  de  signal  and  the  correspond ing 
direction  of  mctivm. 


I 


r~  *■ 
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3)  Individual  Joint  Start-up 

The  servo-controlled  motions  were  started  one  at  a  time,  begin¬ 
ning  with  the  wrist  and  proceeding  through  to  the  back  flex.  Be¬ 
fore  hydraulic  power  was  applied,  the  polarity  of  each  transducer 
was  recorded  and  then  compared  to  that  of  the  servovalves  obtained 
previously.  From  this  comparison,  the  transducers  were  then  con¬ 
nected  to  the  amplifiers  to  give  the  proper  serve-loop  polaritv. 


TEST  LOG 

8/8/b9  -  "Operated  all  the  joints  witi\  dc  signal,  .  With  all  the  ...  - 

tuators  against  ttie  stops,  an  excessive  amount  o'  flow  can  he 
heard  going  tlirough  the  system." 

Based  on  tliis  observation,  a  flow  meter  was  placed  in  the  hydraulic  supply 
line  and  flow  measurements  made  with  different  combinations  of  ioints  connected 
to  the  supply.  These  measurements  Indicated  that  the  flow  was  highest  in  those 
joints  wiiicli  had.  a  pilot-operated  locking  valve,  shown  schomatically  in  Figure  1. 
The  function  of  this  valve  is  to  hydraul i ca 1 Iv  lock  tlie  power  actuator  when  the 
supply  pressure  drops  below  a  nominal  value  of  'JOOd  psi.  Idien  the  specifications 
for  this  valve  were  made,  a  minimum  leakage  rate  across  the  locking  piston  was 
specified  but  not  for  the  pilot  piston.  Calculations  based  on  manufacturing  tol¬ 
erances  for  the  piste'n  cloarance  indioateil  that  tl>e  flow  rates  measured  co.ild  be 
realised  as  le.ikage  from  supply  to  return  .icross  tlie  pilot,  piston. 

The  hvdraulvc  power  supplv  being  used  at  tills  time  h.ui  a  capacity  of  .  g  t'.PM , 
.ind  the  tot.il  standby  for  all  o’  the  joints  togotb.er  was  measured  at  ti.Sf)  GPU. 
Thoroiore,  the  remaining  t  low  available  waniKl  not  be  enoug!'.  to  operate  all  the 
ioints  together.  To  solve  t;.e  problem,  the  system  v.is  conaected  to  .a  lahoratorv 
power  supply  with  mucli  l.irger  capacity.  Although  this  was  a  v;i.lid  solution  ti' 
the  problem  in  the  c.tse  v't  the  arm  system,  it  will  not  ho  sufficient:  when  more 
j’'ints  o!  the  machine  .ire  adde.i.  The  achled  number  of  i'cking  valves,  as  well  iis 
increased  'low  requirements,  will  m.ike  it  imper.uive  riuit  tiui.-ie.  li'uk.ige  rates  oe 
reduced.  t  This  prol'lem.  lias  been  solve-.!  by  tightening  tlu  spi-c  i  1  i  oations  on 
v.ilves.  ) 

S  1  1(0)  -  "Operated,  the  wrist  .  The  joint  is  unstable  .it  nominiil  gain 

settings  but  st.ibU’  oper.itiiui  can  be  outained  ,it  lower  g.'.in." 

Tlu'  wrist  is  the  most  diiiicult  joint  to  s  l.i'' i  1  i  ;:e .  The  l.irge  variations  in 
inertia  between  the  loaded  and  unlo.uied  conditions  make  it  ditficult  to  ^letermine 
a  set  of  sorvo  parameters  that  will  give  stable  oper.itions  in  ail  coodiitions. 
Furthermoie,  tlie  structural  stiffness  ot  the  other  joints  seemed  to  have  a  strong 
influence  on  tlu-  stabilitv  i't  the  wrist  ioint.  The  c omp  1  I ,ince  at  tiie  cain  set¬ 
tings  lor  stable  operation  w.is  st-.ven  percent.  .Although  this  .iocs  not  meet  the 
requirement  of  tliree  percent,  it  was  decided  to  bypass  this  problem  tor  the  mo¬ 
ment  and  go  on.  (ihis  problem  .and  its  solution  are  o.isc  :-St'd.  lator.) 


ti 


r' 


r 


I ALVE 

I  CC  0^  Ci  ' 


‘  j 

' 

1 

* 

TO  PWC.  TO  PWC 

ACTUATOR  ACTUATOR 

SCHEMATIC 

(SPOOL  5H0WTJ  Ikl  KlO-PCE65liPE  POSITIOM) 

Fl;,airf  L'.  Myitraiilir  l.iH'Kiiij,’  \'ah  r 


8/18/69  -  "Obtained  stable  operation  of  the  forearm  rotate  but  found  some 

positions  where  the  force  needed  to  move  the  joint  is  excessive." 

The  response  of  the  system  did  not  seem  as  crisp  as  would  be  expected  for 
the  loop  gain  measured.  The  amount  of  desynchronization  to  move  the  slave  or 
slew  error  was  quite  large,  and  at  times,  the  master  made  contact  with  the  slavo 
When  this  occurred,  the  operator  was  pushing  directly  against  the  slave  causing 
the  excessive  forces  mentioned  in  the  log. 

The  cause  of  the  problem  was  found  to  be  flow  saturation  of  the  servovalve. 
The  reasons  for  this  saturation  were: 

1.  The  slave  actuator  used  is  a  rotary  vane  type  and  is  susceptable 
to  internal  leakage  in  particular  positions. 

2.  The  servovalve  flow  capacity  was  set  at  2.0  cubic  inches  per  sec¬ 
ond.  Although  this  was  probably  enough  capacity  for  normal  actu¬ 
ator  velocities,  it  was  not  sufficient  to  supply  velocity  as  well 
as  leakage  flows. 

The  solution  of  the  problem  was  to  replace  the  servovalve  with  one  with  a 
maximum  flow  rate  of  seven  cis.  When  this  was  done,  the  response  of  the  joint 
was  as  expected. 

8/21/69  -  "Operated  tl>e  elbow,  and  had  to  reduce  the  gain  to  get  stable  op¬ 
eration.  Wl\en  restarted,  the  wrist  joint  lurched  and  was  uncor- 
tr ollable . " 

The  problem  was  di.=covered  to  be  an  underdesigned  snap  ring-pin  connection 
in  the  wrist  tickler  me'.hanism,  Figure  3.  The  .sudden  input  that  vas  applied  at 
start-up  caused  the  tickler  linkage  to  come  apart  and  subsequent  loss  of  control 
Furtiiermore ,  a  mechanical  interference  was  discovered  in  the  elbow  nieclianLsm. 

I'lie  channel  section,  Figure  4,  which  transmits  the  master  signal  to  the  elbow 
tickler  was  damaged  because  of  contact  with  the  slave  hand. 

The  wrist  tickler  mectianlsm  was  redesigned  and  repaired.  The  connecting 
pin  was  made  larger,  and  a  dowel  pin  and  groove  rather  than  n  snap  ring  was  used 
to  hold  the  linkage  together.  The  ilamaged  channel  section  was  repaired  and  re¬ 
shaped  so  it  would  not  interfere  with  the  slave  wrist.  The  changes  to  the  shape 
are  shown  as  dashed  lines  in  Figure  3,  (The  elbow  servo  gain  was  increased  to 
nominal  value  with  stable  operation  later  in  the  test  program.) 

9 '2 'o9  -  "When  the  upper  arm  rotate  was  operated,  three  basic  problems 
were  encountered." 

1.  Tickler  linkage  kept  slipping. 

2.  Joint  was  unstable. 

3.  Wlien  the  elbow  joint  was  closed,  the  upper  arm  rotated  counter- 
clockw'  ••  and  vice  versa. 


The  tickler  was  slipping  due  to  the  failure  of  the  set  screv/s  in  the  boss 
at  the  tickler  attachment  point  to  the  master.  I'Jhen  the  part  was  removed,  there 
was  found  to  be  oblong  indentations  caused  by  the  set  screws  slipping.  It  was 
the  design  intention  that  these  set  screws  be  replaced  by  a  pin  after  assembly, 
but  this  had  not  been  done.  When  the  set  screws  were  replac.d  by  pins,  the 
shaft  did  not  slip. 

The  instability  was  high  frequency  and,  therefore,  the  master  velocity  loop 
was  suspected.  The  oscillations  were  less  severe  when  the  velocity  gain  was 
turned  down.  A  recalculation  of  velocity  gain  showed  that  the  >  ge  of  gain 
stipulated  in  the  electronics  design  specification  was  too  high.  As  a  temporary 
repair,  the  signal  from  the  master  velocity  transducer  was  shorted  out.  (Al¬ 
though  this  eli'  inated  the  instability,  it  would  not  be  desirable  to  lift  ■  'ads 
without  the  velocity  signal;  therefore,  electronics  changes  were  made  a  short 
time  later.) 

The  amount  of  interaction  between  the  elbow  and  the  upper  arm  rotate  was 
very  sensitive  to  the  null  position  of  each  joint.  (Null  position  is  the  point 
of  alignment  of  the  master  and  slave  at  which  the  joint  is  in  equilibrium.) 

Idien  the  two  joints  were  adjusted  so  that  the  null  position  corresponded  to  the 
position  where  the  master  and  slave  centers  of  rotation  were  concentric,  the  in¬ 
teraction  was  very  much,  reduced.  Tills  problem  was  not  only  a  kinematic  problem 
but  also  one  of  liuman  factors.  When  the  operator  thought  he  was  putting  a  pure 
elbow  motion  into  the  master,  he  was  also  moving  the  upper  arm  rotate. 

-  "When  turned  on  power  to  oper.ite  the  shoulder  joint,  the  arm 
lurched  and  the  elbow  would  not  operate." 

Throughout  th.e  evaiuati.'n  problem,  care  had  to  be  taken  when  turning  on  a 
servo  for  tb.e  first  time.  Kach  time  that  trouble  occurred,  the  master  liad  not 
been  properly  constrained,  from  su.Klen  movements.  He  problem  in  tlie  elbow  joint 
was  discovered  to  bo  .i  long  c.-int  i  levered,  pin.  Figure  r ,  that  iiad  been  bent, 
ri’.is  pin  acted  .is  .t  pivot  point  lor  the  elbow  link.ige  and  caused,  binding  in  the 
linkage  when  it  was  bent.  Since  tlie  forces  encountered  were  not  to  bo  expected 
under  normal  operating  cond.itions,  the  pin  w.is  not  redesigned  but  mereiv  ,i  niiw 
one  ma.ie. 

Wb.ile  till'  lun,-  piece  w.is  bi'ing  n.ule ,  the  electronics  were  ciuinged  to  reflect 
t'no  new  specifications  for  tlie  upper  arm  rotate  referred  to  earlier.  Slm.ultane- 
ously,  tlie  shoulder  and  back  joints  wero  checked  out  and  un'ierwent  limited  oper- 
atl.ui.  A  mi'aninglul  evaluation  could  not  he  carrievl  out  wit'-.out  the  elbow  an.i 
upper  arm  r.'tate  joints  operational. 

d  1 3  to)  -  "Reassembled,  elbow  tickler  and  ran  .ill  tiie  joints  togetiier.  Ib.e 
sboul.ier  joint  null  position  seemed  to  ha  ve '  changed  .  " 

The  operation  oi  the  slutu hier  ,ind  back  joints  Is  verv  .iependent  upon  tiio 
proper  null  position  for  eacii  joint.  In  this  instance,  tiie  shoulder  tlcklor 
linkagc  was  slipping.  ih.  cause  was  the  same  as  in.  the  upper  arm  rotate  joint. 
The  set  screws  had  n't  been  replaced,  by  a  pin.  Rlien  tlie  pin  was  installed.,  and 
tb.e  shoulder  and  back  ticklers  properly  nulled,  the  per f ('imance  of  the  system 
with  all  the  joints  operating  was  quite  s.it  isf  actory . 


9/16/69  -  "Operated  the  arm  system  with  all  the  joints  powered  but  could 
not  move  the  shoulder  or  back." 

The  problem  was  caused  by  the  upper  arm  rotate  tickler.  Part  of  the  mech¬ 
anism  consists  of  mating  female  and  male  rectangular  shafts,  Figure  7.  These 
shafts  are  designed  to  be  rigid  in  torsion  to  transmit  the  upper  arm  rotate  sig¬ 
nal  to  the  tickler,  but  slide  one  within  the  other  to  allow  motion  of  the  master 
shoulder  and  back.  During  the  testing,  galling  had  occurred  on  the  male  piece, 
and  this  caused  the  two  pieces  to  become  stuck.  The  upper  arm  master  was  thus 
grounded  to  the  slave  and  no  input  could  be  transmitted  to  the  shoulder  and  back 
ticklers . 

For  ttie  arm  tests,  the  problem  was  eliminated  by  maintaining  proper  lubrica¬ 
tion  between  the  two  sliding  parts.  For  a  long  term  solut'on,  a  flash  coating 
will  have  to  be  applied  to  one  of  the  pieces  to  prevent  galling. 

^>■'22/69  -  "'-'.ade  a  movie  of  the  operation  of  the  arm  system.  The  maior  part 
of  the  movies  showed  the  different  motions,  the  excursions  of  the 
motions,  and  master-slave  correspondence.  Also  tried  some  demon¬ 
strations:  e.g.,  pouring  liquid  from,  a  container  and  holding  a 
light  bulb.  These  are  not  valid  tasks  for  the  machine  and  there¬ 
fore  did  not  work  too  well." 

‘h'd'i/od  -  "Tried  optimizing  the  servo  parameters  for  all  the  joints.  The 
wrist  joint  was  unstable  at  maximum  gain." 

Th.e  gains  in  all  of  the  joints  were  optimized  to  give  maximum  performance 
and  stable  opera,  io...  I'lic  gain  values  obtained  mot  the  design  specifications  in 
all  but  the  wrist  joint.  It  was  observed  that  the  wrist  was  most  unstable  when 
it  was  placed  In  series  \vith  Che  upper  arm  rotate  and  then  t!>e  upper  arm  rotate 
grounded.  There  were  two  causes  contrihut inn  to  the  problem,  and  thus  two  solu¬ 
tions.  First,  the  servovalve  used  In  tlie  wrist  joint  was  known  to  exhibit  poorer 
dynamic  response  chan  tb.ose  in  other  joii'.ts  .ind  w.is  thus  replaced.  Socond’v,  the 
upper  arm  rotate  position  transducer  was  set  up  such  that  when  the  slave  was 
grounded,  a  saturation  C('ndltlon  of  the  electronics  was  obtained.  By  ^epositlon- 
i  ng  the  transducer  to  give  a  more  balanced  signal  In  each  direction,  the  proble:r. 
was  eliminated.  (Although  the  wrist  was  never  operated  at  maximum  gain,  later 
tests  wiiile  lifting  weights  demonstrated  that  tlie  amovint  of  gain  obtained  in  tb.e 
wrist  joint  vac  sufficient.) 

Tb.e  complete  sv.sterc  could  onlv  be  operatovl  cont  Inuous  ly  for  a  period  of 
three  to  five  minutes,  depending  on  t  he  range  of  motion.  I'he  operator  could  not 
continue  for  longer  peri.-ds  because  he  became  verv  fatigued.  This  was  caused  bv 
the  weigh, t  of  the  master  and  the  reflected  weigiit  of  the  slave.  If  operation 
for  a  longer  duration  is  required,  then  counterv^- igl; oing  of  the  master  must  be 
0 rovi(ie.! , 
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10/3/69  -  "Operated  the  machine  while  lifting  125  pounds.  The  following 

observations  were  recorded. 

1.  The  machine  responds  to  inputs  differently  under  load  and 
seems  jerky. 

2.  Uncomfortable  contact  forces  at  the  wrist  and  upper  forearm. 

3.  The  grip  required  to  close  the  thumb  tip  and  thumb  flex 
affects  the  performance  of  the  other  joints." 

The  first  comment  has  to  do  with  the  fact  that  the  machine  responds  to  an 
input  in  the  direction  of  gravity  faster  than  against  gravity.  This  is  to  be  ex¬ 
pected  and  is  not  much  different  from  human  response  when  I’fting  weights.  After 
the  operator  practiced  for  a  tew  minutes,  he  became  familiar  witli  the  response  of 
the  system,  and  the  operation  was  much  smoother. 

The  discomfort  due  to  the  high  contact  forces  v.'as  eliminated  l-y  using  a 
lea'..ner  arm  pad  shown  in  figur'’  8.  This  is  similar  to  the  ring-pads  discussed  in 
Report  S-ti7-!Ull,  Page  iS. 

The  problem  with  the  grip  was  that  when  the  operator  applied  the  forces  re¬ 
quired  to  close  the  thumb  joints,  his  wrist  and  forearm  muscles  became  tight,  and 
be  could  not  apply  full  excursions  into  the  master.  Tliis  problem  was  also  reduced, 
as  the  operati^r  gained  experience,  and  altliough  it  did  not  limit  th.e  performance, 
the  hand  grip  conf  igurat  ion  will  be  studiei!  for  possible  m, od  i  i  i  cat  i  r-ns  . 

lib  l’/tb)  -  "hittevi  J3('  pound  weight  using  'A'  frame  .ir.vi  tether  system." 

Figure  shows  the  .arm  system  lilting  the  200  pound,  weight  plus  pounds  ot’ 
rigging.  The  frame  work  in  the  hackgi\nmd  is  use.!  to  suppiM't  a  lioist  whicli  .acts 
•is  .a  t:  rlier  .uiv.i  als.'  h.indK  s  ciu’  weights.  I'lu’  oper.atv'i'  is  we.aring  the  b.ard.  li.it 
.a.s  normal  I'per.ating  proced.uio  when  overh.oad  equipment  is  being  u.-^ed. 
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Figure  li’  shews  the  weight  use,!  in  the  .’L'O  pound  test.  'Hiring  t;'s:i’'.c,  t ' 
machine  was  able  to  lit  t  the  weigh. t  about  a  foot  and.  a  halt  .above  th.e  position 
in  tiic  picture.  llie  limiting  factor  in  lifting  the  weiglst  h.igher  v..as  not  th.e  ma- 
ci'.ine  but  r.ather  the  strength  of  the  man.  Again,  some  of  the  problem,  can  be  at¬ 
tributed  to  tlie  tact  that  the  legs  are  not  ''ring  used,  hut  in  this  case,  it 
seemed  tliat  th.e  force  ret.  •c  i  to  the  ,  ''rater  was  too  great  for  him.  to  o'.'er- 
com.e . 
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In  Figure  11,  the  machine  is  shown  lifting  the  100  pound  weight  without  the 
tether.  In  this  position,  the  gripning  force,  of  the  thumb  is  strong  enough  to 
support  the  load.  During  this  test,  the  weight  was  removed  from  a  hook,  held  in 
the  vertical  position,  rotated  90®  to  a  horizontal  position,  rotated  again  to  the 
vertical  position,  and  then  placed  in  a  circular  tube. 

10/16/69-  "Made  a  movie  of  the  operation  showing  the  machine  lifting  the 
100  pound  weight  untethered,  the  250  pound  weight  and  750  pound 
weight . " 
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ELECTRONIC  CIRCUITS 


The  electronic  control  package  is  shown  in  Figures  12  and  13.  The  package 
for  the  arm  system  was  located  separate  from  the  arm  assembly  and  connected  by 
means  of  three  electrical  cables.  The  control  signals  were  generated  at  the 
transducer  on  the  arm  assembly,  transmitted  through  the  cable  to  the  amplifiers, 
and  then  the  amplified  signal  transmitted  back  to  the  servovalves  on  the  arm. 

The  two  instruments  on  top  of  the  electronics  package  in  Figure  12  are  the 
dc  power  supply  and  dither  generator.  The  calibrated  dials  are  connected  to  po¬ 
tentiometers  for  adjusting  amplifier  gains. 

Figure  14  is  an  electrical  schematic  of  the  standard  control  circuit  for 
each  joint.  Each  circuit  contains  one  SVD-100  printed  circuit  card  for  driving 
the  servovalve,  1/2  a  FET  200  printed  circuit  card  for  frequency  compensation, 
and  attenuator  networks  for  properly  scaling  the  electronic  gains.  For  each  of 
the  four  signals  (tickler  velocity,  tickler  position,  master  velocity,  and  servo¬ 
valve  drive),  a  variable  resistor  (potentiometer)  was  used  to  adjust  the  gain. 
Figures  15  through  38  are  calibration  curves  of  gain  versus  potentiometer  posi¬ 
tion  for  each  signal. 
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Electronic  Circuits 
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SERVO  PARAMETERS  AND  CHARACTERISTICS 


The  configuration  for  the  servo  control  system  is  the  same  as  was  discussed 
in  Section  6  of  Report  No.  S-69-1116  dated  July  1.  1969.  The  values  of  the 
servo  parameters  which  resulted  from  adjusting  the  electronic  gains  to  optimize 
the  system  are  given  in  Table  I.  The  servo  performance  in  terms  of  slew  error 
and  compliance  is  given  in  Table  II.  Figures  39  through  44  are  computed  Bode 
plots  based  on  measured  electrical  gains. 
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TABLE  I 


EXO  ARM  TEST 


ELECTRONIC  SERVO  PARAMETERS 


Joint 

Wrist 

Elbow 

Forearm 

Upper  Arm 

Shoulder 

Lack 

Parameter 

Flex 

Flex 

Rotate 

Rotate 

Flex 

Flex 

K  (V/V) 
m 

2.55 

2.45 

1.09 

1.75 

1.96 

2.00 

(V/V) 

.90 

0 

0 

1.70 

0 

0 

K  (V/V'i 

X 

7.  50 

6.00 

.30 

.80 

2.85 

2.45 

I't  (sec) 

.79 

.65 

.50 

1.00 

1.21 

.85 

1 

(sec) 

9.20 

4.00 

1.75  1 

10.00 

7.50 

7.50 

K  (V/in) 

y 

69.60 

69.60 

69 . 60 

69.60 

69.60 

i 

6^>.60 

53 


PARAMETERS 


Performance _ 

%  Slew  Error 
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Ttiis  is  a  discvission  of  the  test  and  evaluation  of  the  HARDIMAN  1  left 
at.. I  assembly. 

The  HARDIMAN  I  prototype  is  a  powered  exoskeletal  harness  which  will  amplify  man's 
strength  and  endurance  while  retaining  his  versatility  and  dexterity. 

The  objective  of  the  arm  test  was  to  investigate  human  factors  and  servo  per¬ 
formance  while  lifting  a  load. 
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